We have assayed the ability of various lipids to affect DNA polymerase activity in a DNA-membrane complex extracted from Streptococcus pneumoniae by the Sarkosyl-M-band technique. In addition, to determine which DNA polymerases were affected by the lipids, we partially purified three DNA polymerase activities from cell lysates, the first such demonstration outside of Escherichia coli and Bacillus subtilis. Glycolipids are unique among polar lipids in stimulating the rate and extent of DNA polymerase activity in M-bands and in Sarkosyl lysates from which the M-band is derived. It appears that they exert this stimulatory effect, in part, by removihg (neutralizing) detergent molecules which act as inhibitors, as well as by substituting for the detergent, thereby creating a favorable environment for the polymerases involved in DNA synthesis. That the stimulatory effect is not simply a detoxification of the detergent was shown by two observations. One, phospholipids, although interacting with Sarkosyl and therefore "potentially" capable of detoxifying the system, did not stimulate DNA polymerase activity in vitro. Two, glycolipids were capable of stimulating the activity of at least two DNA polymerases partially purified from cell lysates in the absence of any Sarkosyl. The stimulatory effect was greater for a polymerase that had four characteristics similar to those observed with polymerase III in other organisms.
Bacillus subtilis. Glycolipids are unique among polar lipids in stimulating the rate and extent of DNA polymerase activity in M-bands and in Sarkosyl lysates from which the M-band is derived. It appears that they exert this stimulatory effect, in part, by removihg (neutralizing) detergent molecules which act as inhibitors, as well as by substituting for the detergent, thereby creating a favorable environment for the polymerases involved in DNA synthesis. That the stimulatory effect is not simply a detoxification of the detergent was shown by two observations. One, phospholipids, although interacting with Sarkosyl and therefore "potentially" capable of detoxifying the system, did not stimulate DNA polymerase activity in vitro. Two, glycolipids were capable of stimulating the activity of at least two DNA polymerases partially purified from cell lysates in the absence of any Sarkosyl. The stimulatory effect was greater for a polymerase that had four characteristics similar to those observed with polymerase III in other organisms.
DNA-membrane complexes have been the subject of intensive investigation during the past decade in an attempt to define the site of DNA synthesis in vivo. Complexes have been extracted from a variety of bacteria (see reference 16 for a review), and some have been shown to synthesize DNA endogenously without the requirement of added enzymes (5, 9, 14) .
Our own studies have dealt with Streptococcus pneumoniae. A considerable amount of evidence has been amassed to indicate that in this organism the DNA-membrane complex extracted by the Sarkosyl-M-band technique (27) is the site of DNA replication in vivo. Not only is nascent DNA which sediments at 9 to 11S in alkaline sucrose gradients (Okazaki fragments) (5) detected in the fraction, but a complex of enzymes acting cooperatively to synthesize DNA is also present (5, 12) . These activities remain with the complex after two different purification procedures that remove a considerable percentage of components present in the crude DNAmembrane fraction (5, 6) . Nucleotides can be incorporated into DNA at high rates in vitro, and inhibitor studies suggested the presence of DNA polymerases that are involved in replication of the genome (6) . We have also been able to separate the complex into two subcomplexes, both capable of synthesizing DNA in vitro and both possessing a different complement of DNA polymerases (7) .
One important area of research concerns the effect of lipids on DNA synthesis in the DNA complex. Although several investigations have linked lipids to a metabolic role in DNA synthesis (8, 21) , no direct evidence for a specific role of lipids has been found. Only one report (30) has shown that a specific lipid or class of lipids (phospholipids) will enhance the activity of a specific DNA polymerase (polymerase III in Escherichia coli), but only under conditions in which the polymerase is in a multienzyme complex (polymerase III holoenzyme).
Cell envelopes of gram-positive and gram-negative bacteria are fundamentally different. Besides the lack of an outer membrane in the former (20) , gram-positive bacteria are rich in a class of lipids not found in gram-negative organisms, the glycolipids (25, 26) . The most significant feature of the glycolipids is the occurrence of identical glycolipids in members of the same genus. For example, all of the lactobacilli so far 78 examined (of which Pneumococcus is one example) contain galactosylglucosyl diglyceride. No significant explanation for the role of glycolipids in the cell has yet emerged, except that they may possibly maintain the integrity of membranes (as phospholipids do), provide structural support for membrane pores, or transfer sugar residues to polysaccharide chains (26) .
In preliminary studies, we found that 48% of the total content of lipids in the M-band consisted of glycolipids, whereas 25% consisted of phospholipids (35%) and neutral lipids (18%). However, there were no significant differences between these percentages and those present in the remaining membrane fraction (top fraction (i) 60 ml of chloroformn (ii) 30 ml of chloroform-acetone (1:1), (iii) 30 ml of acetone, (iv) 30 ml of chloroformmethanol (1:1), and finally, (v) 30 ml of chloroform. Eluates ii and iii were combined and classified as glycolipids (13), as they contained material which gave a positive reaction to anthrone. Eluates iv and v were also combined, and on the basis of phosphorus content they were classified as phospholipids. Fraction i contained neutral lipids only. This procedure was used for the preparative fractionation of lipids to provide material for the in vitro studies of DNA synthesis.
Analysis of lipids. To identify specific lipids within a class of lipids, thin-layer chromatography of radioactive lipids on Silica Gel G (Analabs Inc., North Haven, Conn.) was used (13, 28) . Purified lipids were layered at the origin as a series of spots and eluted with benzene-ethyl ether-ethanol-acetic acid (50: 40:2:0.2) to remove neutral lipids (23) . The material retained at the origin (polar lipids) was scraped off the plate and transferred to a small column which was then eluted with 5 column volumes of acetone and 5 column volumes of chloroform-methanol-water (60:30:4.5). The lipids were dried, resuspended in a minimal volume of chloroform-methanol (2:1), and layered at the origin of another plate, which was then developed with acetone-acetic acid-water (100:2:1) to elute glycolipids while phospholipids were still retained at the origin. All lipids were detected by staining the gels with iodine vapors or by autoradiography. Two glycolipid spots (present in a 1:1 ratio [ Fig. 1]) were detected specifically by staining with orcinol (4). plate and hydrolyzed with acid (2 N HCI at 100°C for 40 min). The hydrolysates were rechromatographed on silica gel with the appropriate sugar standards and stained for hexoses by the anthrone method of Radin et al. (22) . It was found that one glycolipid contained glucose while the other contained glucose and galactose, as reported in other studies with Pneumococcus (13) .
The same procedure was carried out for phospholipids, except that the acetone washing of the column was omitted and the last plate was developed with chloroform-methanol-water (60:25:4) (3) to separate phospholipids. Almost 85% of the total pospholipids detected consisted of phosphatidylglycerol, which was identified by its reaction with the Schiff reagent after oxidation with periodate (24) . Phosphorus was determined by the method of Bartlett (1) .
Since the two glycolipids were present in approximately the same ratio, and 3 mol of hexose is liberated after hydrolysis (13), we estimated that 1.5 Glycolipid and phospholipid concentrations were expressed in micromole of glucose equivalents (hexoses) per milliliter or micromoles of phosphate per milliliter, respectively.
Interaction of lipid vesicles with Sarkosyl. Dried lipids were suspended at a concentration of 11.5 mg/ml of 5 mM N-2-hydroxyethyl piperazine-N'-2-ethanesulfonic acid buffer, pH 7.4, containing 0.145 M NaCl. Samples of 120 pl were mixed with different concentrations of Sarkosyl. After a 5-min incubation at room temperature, the samples were chromatographed on a 3-ml Sepharose 4B (Pharmacia Fine Chemicals Inc., Piscataway, N.J.) column to separate intact vesicles surviving the lytic action of the detergent. The concentration of vesicles was measured by following absorbance at 460 nm.
Assays for DNA synthesis. M-bands, top fractions, and Sarkosyl lysate samples were dialyzed for 10 to 12 h in the cold (4°C) against 0.02 M Tris (pH 8.0), containing 20% glycerol (wt/vol) and 0.1% defatted bovine serum albumin (Sigma Chemical Co., St. Louis, Mo.) to reduce salt and detergent concentration. Unless specifically indicated, each sample was adjusted by dilution with the above buffer to contain 100 jig of protein and 106 nmol of DNA. In the case of the top fraction, it was necessary to add pneumococcal DNA extracted from the M-band as described previously (7) (19) .
Preparation of DNA templates. Activated calf thymus DNA (Sigma Chemical Co.) was prepared by the procedure of Kornberg and Gefter (15) , with the exclusion of the exonuclease treatment. Such a template, therefore, corresponds to nicked doublestranded DNA. M-band DNA was extracted from dialyzed M-bands, as described previously (7). The template is probably activated through the action of Mg2' ions and/or nucleases during the dialysis step. Oligo(dT)i0-poly(dA) was obtained from Miles Research Products (Elkhart, Ind.) and was dissolved in water before use.
Other analytical determinations. Protein concentration was determined by the method of Lowry et al. (17) .
RESULTS
Effects of lipid addition on DNA synthesis with DNA-membrane complexes. Although there were no significant differences in bulk lipid content between a DNA-membrane fraction extracted by the M-band technique and the remaining cell extract (top fraction; see above), it was still possible that the lipids could affect DNA synthesis in these complexes positively. Therefore, we examined the effects of lipid addition on DNA polymerase activity detected previously in M-band complexes (5) (6) (7) tration of pneumococcal DNA was added to the top fractions to equalize the concentration of DNA present in the M-band. Glycolipids were used at a final concentration of 1.9 ,umol of glucose equivalent per ml; phospholipids were added at 2.7 ,umol of phosphate per ml; and phosphatidylglycerol was added at 3.21
Mmol/ml. Pancreatic deoxyribonuclease was used at a final concentration of 200 ,g/ml, and the treatment was carried out from the beginning of the DNA synthesis period. Glycolipids were treated with 0.1 N NaOH at 100°C for 1 h under reflux, and the hydrolysate was neutralized and added to the assay mixture at the same concentration of glucose equivalents as in the untreated samples. When a control sample containing only neutralized KOH was tested, no effect on polymerase activity was detected. The conditions of the experiment are described in the text. The amount of TMP incorporated into DNA in 35 min in the case of untreated samples (0.74 pmol for the M-band and 0.2 pmol for the top fraction) was normalized to 100. the stimulating activity disappeared. There was some DNA polymerase activity in the top fraction which was also stimulated by glycolipids, but the effect was far less than that seen in the M-band. Thus, it appeared as though the enhancement by the glycolipids was specific for the activity associated with the DNA-membrane complex, at least in its magnitude.
To further characterize the glycolipid effect, M-bands were preincubated with or without glycolipids before assay for polymerase activity. In addition, glycolipids were added to assay samples preincubated for various periods without glycolipids. The results are shown in Fig. 3 . Preincubation without glycolipids for 30 min resulted in a decay of the ability of M-bands to synthesize DNA (about 30 to 40%). However, the presence of glycolipids throughout preincubation not only prevented this loss in activity, In attempts to ascertain whether glycolipids affect more than one polymerase present in the M-band, the sulfhydryl inhibitor NEM was added in the presence and absence of glycolipids, and in the absence of DTT (see above). This compound inhibits DNA polymerase activity involved in replication rather than in repair (11, 15) . Figure 5 shows that with increasing concentrations of NEM (up to 9 mM), there was an increasing inhibition of DNA polymerase activity in the M-band in the presence or absence of glycolipids. However, in the presence of glycolipids, there was a more drastic inhibition of polymerase activity between 0 and 2 mM NEM than in their absence (58.7 versus 28.5%). It is interesting to note in this respect that 2 mM NEM completely inhibits DNA polymerase III in Bacillus subtilis (11) . Nevertheless, it also appears that glycolipids stimulate DNA polymerase activity that is insensitive to NEM. This is shown by the fact that even at a concentration of 9 mM NEM, DNA polymerase activity could still be detected, and in the presence of glycolipids, the activity was significantly greater. Thus, it can be concluded that glycolipids probably stimulate All were pipetted onto Whatman 3MM filters and processed as described in the text for determination of acid-insoluble radioactivity. Symbols: 0, preincubated, without glycolipids; A, preincubated, with glycolipids; 0, not preincubated, without glycolipids; A, not preincubated, with glycolipids. to a protein concentration of 580 pg/ml, were preincubated with (A) or without (0) glycolipids for 30 min and then assayed for DNA synthesis in vitro in the presence of NEM, as described in the legend to Fig. 3 , except that DTT was omitted from the assays. In controlpreparations, the omission ofDTT resulted in a 5 to 10% decrease in activity which was adjusted for in this experiment. Glycolipid concentration was 6.53 umol ofglucose equivalent per ml.
protect the activity of more than one DNA polymerase present in the M-band.
What (the temperature at which synthesis is carried out). Very little loss of acid insolubility was detected for both untreated and glycolipidtreated samples after incubation (about 5%). Although the significance of this slight loss in template by nuclease action is unknown, glycolipids do not seem to be involved in the phenomenon. It should be pointed out that previous studies (6) did reveal a loss of template (about 20 to 25%), but the temperature of incubation was 370C, which could have accelerated the rate of degradation.
The second possibility was examined by reconstruction experiments with Sarkosyl. Figure  6 shows the effect of Sarkosyl addition on DNA synthesis carried out by the M-band in vitro in the presence and in the absence of glycolipids.
It can be seen that Sarkosyl exerted inhibitory effects on activity and that glycolipids overcame these effects of Sarkosyl at lower concentrations. However, as the concentration of Sarkosyl increased, the protective effect decreased and was almost completely lost at the highest Sarkosyl concentration used. It should be pointed out that there was a certain amount of residual Sarkosyl already present in the M-band. The exact amount is unknown because dialysis removes a portion of the detergent. Another point is that glycolipids were also present in the "endogenous" M-band, which could be important in explaining why DNA synthesis could be detected in M-bands in vitro despite the presence of this residual Sarkosyl. Is the-only effect of glycolipids that of detoxifying the system by removing Sarkosyl? One important observation with the M-band system argues against this simple explanation. Phospholipids, which do not affect DNA synthesis in pneumococci even at high concentrations (see Table 1 ), also interact with Sarkosyl, although to a slightly lesser extent. This is shown in Fig. 7 , where the lysis of phospholipid and glycolipid vesicles was followed as a function of the Sarkosyl concentration. It can be seen that glycolipid vesicles were lysed approximately 30% more efficiently than were phospholipids at the highest concentration (0) of Sarkosyl added. However, at the concentration used to lyse the cells (1.5 mg/ml), there was only a 10% difference in efficiency.
Effects of glycolipids on NEM-sensitive DNA polymerases partially purified from cell lysates. Because of the structural complexity of the M-band and the possibility of indirect effects of glycolipids, an attempt was made to show a specific effect of glycolipids in a purified DNA-synthesizing system. Because it appeared from Fig. 5 that glycolipids were affecting DNA polymerase activity both sensitive and insensitive to the sulfhydryl inhibitor NEM, we attempted to isolate the former activity because of its possible relationship to replication rather than to repair (11, 15) . It was recognized that due to the lack of mutants deficient in repair activity (presumably the most abundant DNA polymerase activity), it might be difficult to separate the NEM-sensitive activity, because in other organisms these activities are present in low amounts. Nevertheless, procedures have been devised by others to separate all of the polymerases from other wild-type organisms (11, 15) , and these procedures, modified for pneumococci, were followed in this study.
When cells were lysed with 0.2% Triton X in high salt and the lysate was centrifuged at 20,000 rpm for 1 h as described above, it was possible to obtain a supernatant that contained activity which was inhibited by the sulfhydryl inhibitor NEM and which had very little endogenous activity (i.e., activity with no added template). NEM inhibits the activity of polymerase HI-and HI-type enzymes but not polymerase I in B. subtilis and E. coli (11, 15) . Table 2 shows that addition of template [activated calf thymus DNA, M-band DNA, or oligo(dT)jo-poly(dA)] stimulated the level of DNA synthesis in the supernatant considerably. NEM at 9 mM inhibited the activity of the supematant toward activated calf thymus DNA and M-band DNA but had no effect on activity when the artificial template was used.
These data suggest that the supernatant is enriched in DNA polymerases inhibited by NEM and that this activity is displayed mainly with activated calf thymus DNA and M-band DNA, whereas oligo(dT)-poly(dA) can be used more efficiently by a polymerase that is insensitive to NEM. The pellet contained high endogenous activity that was not inhibited by NEM. Therefore, it was not investigated further due to the interest in the other polymerases. Nevertheless, it should be pointed out that some NEMinsensitive activity, which had to be separated from the NEM-sensitive activity, was still present in the supematant. Table 3 shows the partial purification of DNA polymerase activities from cell lysates of pneumococci. After the Triton X supernatant from the cell lysate was chromatographed on DEAEcellulose as described above, two overlapping peaks for DNA polymerase activity were observed, using activated calf thymus DNA and oligo(dT)-poly(dA) as templates. These templates were chosen to differentiate between DNA polymerase activity that was largely inhibited by NEM (calf thymus DNA) and activity that was largely insensitive to the NEM [(oligo(dT)-poly(dA)]. The main peaks of the Endogenous template activity was determined with all the deoxynucleoside triphosphates (rows 1 to 6) and with labeled TTP only (rows 7 to 9). NEM was added at a final concentration of 9 mM under conditions on which DTT was omitted.
As stated in the text, omission of DTT in controls reduced activity approximately 5 to 10%. The values have been normalized for this slight loss of activity. 'The dramatic increase in activity for this template probably reflects the removal of an inhibitor from the fractions.
first activity (fractions 28 to 32) were eluted at about 0.17 M NaCI, whereas the main peaks of the second activity (fractions 33 to 38) were eluted at about 0.23 NaCl. It can be seen that, although both templates were used in each fraction, there was a preference for activated calf thymus DNA by polymerases present in the first fraction, whereas polymerases from the second fraction preferred the oligo(dT)-poly(dA) template to a greater extent (in terms of specific activity).
Phosphocellulose chromatography was used to further resolve the DNA polymerases eluted from the DEAE-cellulose columns. Each fraction was chromatographed on two separate phosphocellulose columns as described above. Three peaks of activity were present in both eluates, but there were significant quantitative differences with respect to the efficiency for each template (Fig. 8) . From a composite analysis of two runs, it was determined that the first peak (enzyme a), which was eluted at a low potassium phosphate concentration, preferred activated calf thymus DNA as a template but used oligo(dT)-poly(dA) to a lesser extent. The second peak (enzyme b) also used these two templates, but the calf thymus DNA template was only slightly more efficient than the artificial one. Finally, the last activity (enzyme c) used the artificial template 10 times more efficiently than it used activated calf thymus DNA. Table 4 shows the effects of NEM on the activities of the three polymerase peaks eluted from the phosphocellulose column. When activated calf-thymus DNA was used as a template, it can be seen that enzyme a was inhibited by 60%, enzyme b was inhibited by 40%, and no inhibition was observed for enzyme c. From these results, the peak fractions of enzymes a and b (derived originally from both DEAE-cellulose fractions) were pooled and rechromatographed on a second phosphocellulose column (Table 3 ) to achieve almost a threefold increase in specific activity for enzymes a and b when activated calf thymus DNA was used as the template. However, there was only a 1.5-fold increase in specific activity in enzyme a when oligo(dT)-poly(dA) was used as the template and a 2-fold increase when enzyme b was assayed with the artificial template.
Because enzyme a was purified to the greatest extent, we performed additional experiments to characterize it further. The sedimentation coefficient of enzyme a in comparison to the sedimentation properties of bovine liver catalase (82o,w = 11.4) was 6.95. The concentration of KCl yielding optimum activity with activated calf thymus DNA was 20 mM (data not shown).
On the basis of four different characteristics (inhibition by NEM, early elution from phosphocellulose, sedimentation characteristics, and optimum KCI concentration), we tentatively conclude that DNA polymerase a from pneumococci has properties similar to those of DNA polymerase III from other organisms (11, 15) . Figure 9 shows the effects of glycolipids on the activities of enzymes a and b. It can be seen that the former polymerase was stimulated to a far greater extent than the latter polymerase, reaching a plateau at a concentration of 1.4,mol of glucose equivalent per ml. The activity of enzyme b was stimulated only slightly, even at high concentrations of the glycolipids. It should be noted, however, that the stimulation by the glycolipids of the purified polymerases was less than that seen in the M-band (compare Fig. 2 suggesting the involvement of other factors in the latter stimulation. Finally, when the glycolipids were treated with alkali, the stimulatory effects on both polymerases disappeared completely as in the M-band experiments, suggesting that the structural integrity of the glycolipids was important in inducing the positive response.
DISCUSSION
The present results have shown that glycolipids stimulate the rate and extent of DNA synthesis in vitro in Sarkosyl lysates and in Mbands derived from these lysates. The stimulation occurs mainly in the DNA-membrane complex and only slightly in the remaining cell extract (top fraction). Phospholipids do not exert any such stimulatory effects. It appears that the glycolipids affect more than one DNA polymerase activity in the M-band and, in particular, a polymerase that exhibits a number of characteristics of polymerase III described in other organisms. This was shown by experiments in which glycolipids stimulated DNA polymerase activity partially purified from cell lysates in the absence of any Sarkosyl. As to why glycolipids are not able to stimulate polymerase activity to any great extent in the top fraction, it may be (i) that inhibitors are present or (ii) that polymerases (such as enzyme b) present in the top fraction are not enhanced to any great extent by glycolipids. We are currently investigating these possibilities.
It is interesting to point out that three DNA polymerase activities were extracted from pneumococci, the first such demonstration outside of E. coli and B. subtilis. Thus far, only the polym- erase III-like enzyme a has been characterized to any great extent. Further work is needed to ascertain the identity of the other polymerases (bandc).
The enhancement of DNA polymerase activity in the DNA-membrane complex by the glycolipids is greater than that observed in the partially purified system, suggesting an interaction of glycolipids with other factors in the Mband complex. One of these factors is Sarkosyl, whose inhibitory activities were overcome by glycolipids to a significant extent, as shown in Fig. 6 . However, the interaction is more than a simple neutralization of a detergent by a lipid because (i) phospholipids, although interacting with Sarkosyl and therefore potentially capable of detoxifying the system, do not stimulate DNA synthesis, and (ii) as Fig. 3 shows, the decay in subsequent synthetic activity of M-bands preincubated without glycolipids is not only prevented if preincubation occurs with glycolipids, but the subsequent enhancement is almost 400% greater than that observed in non-preincubated controls without glycolipids. It would be expected that if the decay in activity of M-bands preincubated without glycolipids was due to residual Sarkosyl, the presence of glycolipids throughout preincubation would simply permit a restoration of the amount lost without glycolipids (about 40%), not the 400% stimulation observed.
It is possible that glycolipids create an environment in the M-band favorable for the enzymes and factors involved in DNA synthesis. They do this by substitution of residual Sarkosyl molecules that remain in the M-band after dialysis and, as a result, restore lipid domains favorable for the activity of DNA polymerases that may exist in vivo, but are altered or removed by Sarkosyl. There are a variety of enzymatic systems associated with membranes that are inactivated or inhibited when lipids are removed by addition of detergents (10, 18) . Only the appropriate lipid or lipids will restore or stimulate activity, showing that the effect is not due simply to detoxification by the lipids but to the restoration or repletion of the proper lipid environment (18) .
Nevertheless, a question may still be raised. Why does the presumed restoration of the appropriate lipid domains by glycolipids not enhance DNA polymerase activity as much in the purified replication system? It is possible that the environment in the DNA-membrane complex is more favorable to such activity than the environment in the purified sample. It is well known that less-purified enzyme preparations can contain factors that stimulate enzyme activity which are removed by purification techniques. In particular, if the DNA-membrane complex with which we are working represents, at least in part, the natural configuration of the replication complex in vivo, it is reasonable tfiat events affecting DNA synthesis should occur to a greater extent in this complex than in a purified replication system which does not contain all of the factors required to provide an optimum environment for such synthesis.
What these factors are, in addition to glycolipids, will be the subject of future reports. LITERATURE CITED
